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Why extend beyond scalar doublets? f& Carleton

Largemultiplets can explain enhancetiVVVcouplings.

A Models withisospindoublets orsingletshavehVVcouplingssmaller than
or equal tothose of theStandard Model (SM).

Table 1: Higgs couplings to WYQ=F+Y/2)

2HDM SM + singlet SM + generamultiplet X
2 2 2 2 2

i gw 1L gusin(B-a) i% g cosa i X g2 [T(T+ 1) - YT]

20 197" (8 TeV) + 5116'(7 TeV)

A EnhancechVVcouplings require acalar 1/ S¥S, |

multiplet that: 1? o
I Hasisospink ™M ® :E ;’fﬁ\‘}
I Has a nomegligiblevev. EE {k@y‘

i Mixes with the observed Higds EZ:-_ E
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Why extend beyond scalar doublets? f& Carleton

Enhanced Higgs couplings could hide new physics.

A

If all of the h couplings are enhanced, they may compensate for new
physics in the Higgs branching ratios.

2 2
osMm L'sm k“osm K° L'sm JBSM
Rate = — > —>tot where Kk =
FSM K FSM + I'new gsm

Rates measured at the LHC will be identical to SM predictions if

5 1
K p—
1 — BRneW
Constraints omy,, or ¢ from off-shellgglh Kf [bh %% I a a dzY

resonances in the-shannel (modeblependent assumption).

Studies of concrete models are needed to provide benchmarks.
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How big can scalanultipletsbe? = Carleton

A Consider an electroweak scalaultiplet of size n and hypercharge Y.

X = (Xny o X2, X1) T (complex)

En = (€9,..,€°%,.., 9T (real)
A Treelevelunitarity requires that the partialvavea, satisfy|Re(a,)| < 1/2.
A Applying this constraint to the eigenvalues of the matrix of coupled

OKIYyySt H ™ H StSOGNRGSIE T namd@Y. i G SN

8 7 for a complex multiplet 19.8
2 Y| <
= { 9 ~ I's { 4 for areal multiplet Y] nl/4

[Hally, Logan and Pilkington, 1202.5073]
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Difficulties with scalamultiplets Carleton

A Higgs extensions witnultipletslarger than doublets can result in large
contributions to the” -parameter.

B MI%V B ZkQ’U% [Tk(Tk—I—l)—Yk?/él]
p= MZcosfw > Y2u?

where Q = T% +Y/2 and (4}) = v /V2 (vg).
A From global fitsp = 1.00040 & 0.00024 . [PDG 2014]

A How can we avoid large contributions? (Hisano& Tsumura, 1301.6455;

e ) . KanemuraKikuchi,yagyy 1301.7303:
I~ =1 automatically for SM and septet with Y = Avarado, LehmarDstdiek 1404.320¢

T Require thatvevsbe zero. [Earl, Hartling, Logan, Pilkingtd803.1244, 1311.3656]

i Require thatvevsbe very small (ex. Higgs Triplgﬂkz‘.ﬁgge[ig%\gag‘; 2556%1372 vy

I Balance contributions to charged and neutral weak currents using
multiple multiplets (eg. GeorgiMachacel. [Georgi& Machacek NPB262, 463 (1985)]
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TheGeorgiMachacekViodel = Carleton

A TheGeorgiMachacekscalar sector contains a doublet and two triplets

¢0* ¢+ XO* £+ X++
q):( I ) X=| —x" & x
Cb Qb X—|—+* _f—i—* 0

with SU(2)x SU(Z)symmetry and whera?® = (1)Qs®,
A The’ -parameter will be 1 if theevsof both triplets are equal,

v2 + 4v2 + 40?2
p = ? 5 S 5 X =1 if v, = v
’U¢+8”UX

I Gauging hypercharge breaks custodial SU(2), leading to divergent
radiative corrections to at 1-loop. [Gunion Vega &vudka PRD43, 2322 (1991)]

A Require thatvZ + 8v2 = v? = (246 GeV)? where (®) = % af¥l) = vy

[Georgi& MachacekNPB262, 463 (198%}hanowitz& Golden, PLB165, 105 (1985)]
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TheGeorgiMachacekViodel = Carleton

A Scalar mixing yields a physitigeplet, triplet, and twosinglets

5
¢O* ¢+ XO* §+ X++ H; ‘FI-?'+
‘I’:( gt ¢o) X={ o & v | —s | m HY | H,h
X++* _5"1‘ XO HE)_ H3—
H: ™

A Generallyhis assumed to the observed 12 VSMlike scalar boson.

A Scalars within eachultiplet have identical masses:gm,, m,,, andm,,

A The h, Hand H scalars are mixtures of doubletand triplet., vstates.

i Mixing anglé" controls how mucth comes from the triplets.

i Ratio tart ;= 2/¢ v./v controls how much Kcomes from the triplets.

A H; states are composed ofiplet ., vstates.

Hs is vectorphilic (HsVV but no Hff) and
H, is fermion-philic (Hsff but no H;VV).
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The Decoupling Limit = Carleton

UNIVERSITY

A The most general custodi&lU(2)symmetric scalar potential is

2 2
V(®,X) :%Tr(dﬁfb) + %Tr(XTX) O\ [Tr (@

+ A Tr(XTX XTX) 4+ A\ [Tr(XTX))?

B)]? 4+ X Tr(®T®)Tr(XTX)

— AsTr(@Tr2d7°) Tr( X T2 X t0)
— MiTr(®T 7 (UX U gy — Mo Tr(X Tt Xt (U XU 0

[Aoki &Kanemura0712.4053; Chiang ¥agyti 1211.2658; Chian¢tuo& Yagyy 1307.752%
A The dimensiorBterms (M, M,) are necessary for the model to decouple:
I Masses are unbounded (without MM, termsM, ., < 700GeV,.
I Masses become degenerate agJybecomes large.

I Couplings all become Shke as vand" approach @

Coupling| Decoupling 2HDM

hh\:fv MiAVIMpew®  vam V2IM VM e

new new
VM o

[Hartling, Kumar & Logan, 1404.2648nion& Haber, PRD67 075019 (2003)]
Katy Hartling, Carleton University

BSM Higgs @ LF&&rmilab

Nov 4, 2014



Theoretical Constraints = Carleton

A Perturbativeunitarity requires that the tredevel partialwave g from 2
M H  aOol f I dalisty (Re(@|ixk $/RIRA Y T [Aoki &Kanemura0712.4053]

A Scalar potential must beounded from below

A Avoiding alternative miniman the scalar potential: ensure that the global
minimum preserves custodial SU(2).

4 I o s o n e e i
.. x1— —_—
\‘\\ ’4'/, y3 77777
3F ‘\_\ Ya ;;;;,,,’
~.\\ ’,/’”VS/ ...........
2 |
; PEE
E B
:C\I 0 Allowed by unitarity X
-1 e
_2 B )/’/,,/’/’/
-3 -/”/t
_4 1 L 1 1 1 1 1 i - 1 L 1
4 3 2 4 0 1 2 3 4 -1 -0.5 0 0.5 1
5/_'T }\,3/"'[

[Hartling, Kumar & Logan, 1404.264C
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Theoretical Constraints = Carleton
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Higgs couplings as a ratio to the SM. Left: Fermion. Right: Vector boson.
[Hartling, Kumar & Logan, 1404.2640

A Decoupling coupling ratios to SM approach 1 as the mass scale increases

A EnhancementM,,, < 500GeVfor all couplings to be enhanced.
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Direct detection constraints i Carleton

UNIVERSITY

A LEP results: 70— . . . C /.
I Lower mass bound on a \ |
60 A
doubly-charged scalar: | e/ x/
T I“:-u.‘l- i O =]
MHN NZ 43 GEV :T 50 II. I', . A . r h‘b{i'.':-
[KanemuraYagyu& Yokoya 1305.2383] {_J’-E _'.I' _3:‘ / &.ﬁ’ B
.:ﬂ 0 IIII *vf “’:‘ :*F} P
A Collider searchesapplicability of N\ —T f,/ Alldwed .
bounds depend on preferred decays} "\ ——
T eg M—IN l{% 4OOGeV if~|_~|N N 7? l I 1 1 ] ] ]
I NIN 100 200 300 400 500 600 700 200
decays dominantlyo INV. m___ [GeV]
A Bounds from likesignWWjj [ChiangKanemura Yagyy 1407.5053]

i The likesign WMNj cross section measurement from ATLAS has
been used to place limits on VBNIHH 2WN,

I Constrains the ¥mb5 plane.
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Constraints from S, T, U Carleton

A ThePeskinTakeuchi (or oblique) parameters S, T, U are defined as linear
combinations of the vector boson sadhergies.

TS N z 7N vz TN zoow ST W
AVAVAVAV) RAVAVAVAV AVAVAVAWS

A Global fits yield a correlated bound on S and T (assuming U=0):
i S=0.000.09, T=0.161 0.07 with" = +0.91.  [Baaketal Gfitter), 1407.3792]

A Tis divergent at doop in the GM due to the gauging of hypercharge.

-[-Gunion Vega &\Vudka PRDA43, 2322 (1991

I A counterterm is needed to calculate Engler Re &Spannowskil302.6505]

A Calculate S and marginalize over T to obtain a conservative bound.
[Chiang Kuo& Yagyu 1307.7526; Hartling, Kumar & Logan, 1410.553¢

ALttt adlFdsSa LI NIOAOALI GS I O2y ail NI ?
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Non-oblique and Bphysics constraints & Garleton

A Non-oblique and BphysicsprocessesGM scalars contribute attbop to
i R FNRBRY % [bh 0606 o[ 9t 0

I B;meson mixing (HFAG) b
-
i B,Mb>> (CMSLHCH Z N\PNNK
S
i brb ! FHFAG) b
A Constrain the M, plane. b L d,s
A GM contributions are the same as those in A Y
the Typel 2HDM. d? S - b
I Same fermion coupling structure.
I H;*HyZcouplings are identical (SU(R) r\N\‘
A LO Typd 2HDM formulas apply with the _ / \
replacementscot, My & l,afd My, & b | > l S
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Non-oblique and Bphysics constraints & Garleton

A Non-oblique and BphysicsprocessesGM scalars contribute attbop to

T Raz F NP _Y ivA rb 00 0 [[chalﬁ &LI)-Iaber, hep_h/9909335; Grant, hep
ph/9410267; Chiand Yagyy 1211.2658]

I B;meson mixing (HFAG) [Mahmoudi& Stal 0907.1791]
i B,M>"> (CMSLHCbH [Li, Lu &Pich 1404.5865]
T b rb ] iH FAG) [Barger, Hewett & Phillips, PRD41, 3421 (1990);
Mahmoudi Superlsor3.3]
A Constrain the v+M, plane. b L d,s
A GM contributions are the same as those in A ¥
the Typel 2HDM. d_, 5 L b

I Same fermion coupling structure.
I H;*HyZcouplings are identical (SU(R) l\N\‘
/ \
1 S

A LO Typd 2HDM formulas apply with the _
replacementscot, My U |, ahd My, & b f >
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Indirect Zpole and Bphysics constraintg= Carleton

20 L BY — BY mixing — - = | 20 | BY — B? mixing =— - = |
10 | Bg — L == | 10 i Bg > U e
b— sy b — s

100 200 300 400 500 600 700 80 100 200 300 400 500 600 700 800
m3 [GeV] ms [GeV]

Left: Z bound from experiment. Righ2" worse than SM predictian

, ~ , . [Hartling, Kumar & Logan, 1410.5538
A{GNRYy3IS&a0 02dzy R A& FTNRY 06 [bh a

A Implemented in numerical scan usiBgperiso  [Mahmoudi 0710.2067]
BR(BHX{ )= B.11N0.23)x10% (Superlsd
BR(BTHX{ )exp = (3.55N0.24N0.09) x 168 (HFAG)
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Constraint results = Carleton

UNIVERSITY
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[Hartling, Kumar & Logan, 1410.5538

A Tightb Yo experimental bound constrains v, < 54 GeV.
A Loose SM bound constrains v, < 65 GeV.

A Complements like-sign WWijj bound.
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Constraint results = Carleton

UNIVERSITY

10— | | | | ElL | ! X
u ' / | 80
o0 \ ._"“k' s 45 A
i =L o . 60
| _D II' _\'F' - h‘h{:'.';'
:’TJ T ;&‘ P i S 50 |
& mk *U"'} - &-ah T &
. | ] =. 40}
= 'iﬂ Il ) f--r" f >
- 1 Py *\‘./
B I'.I-ﬂ‘__ _~ Allgwed . 30
30 "\ — 20 t
B - u 10
) | | | | | | | &
_?DD 200 300 400 500 600 700 8OO 0~ o
111 [GEE ] 0 200 400 600 800 1000

mg [GeV)
Red: eliminated by S. Green: eliminated by b Y = Black: allowed.
[Hartling, Kumar & Logan, 1410.5538

A Tightb Yo experimental bound constrains v, < 54 GeV.
A Loose SM bound constrains v, < 65 GeV.

A Complements like-sign WWijj bound.
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Constraint results = Carleton
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A Loose dh ! dexperimental bounaonstraing, < 1.36and¢, < 1.49.

A The likesignWWijj bound will strengthen the constraint.
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Constraint results
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A GM can accommodate simultaneous enhancement gand®, .

A Simultaneous enhancement requirgsrF ¢, <1.18 from the loose

constraint (1.09 for tight).
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Summary and outlook = Carleton

A Summary
i . S82yR R2dztSia M AYyuSNBaldAy3d L
I TheGeorgiMachacekmodel can enhance Higgs couplings to VV.
A Outlook
i Still a lot of work to be done beyond doublets!
I GeorgiMachacek
A Calculator andreynRulefile under development.
A Constraints from direct searches.
A Collider studies of effect of enhanced couplings.

I Other models: septet, generalized GM, etc.
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Scalar potential = Carleton

]

{_

V(. X) = ‘“2Tr(¢-Td>) fT(XTX) [Tr(dTd)]? + A\ Tr(dTd) Tr(XTX)

+ A Tr(XTXXTX) 4+ A [Tr(XTX)]2 = As Tr(dTr2dr2) Tr( X T2 X1?)
— My Tr(DTr2dr2)(UXUT),0 — M Tr(X T2 XtP)(UXUT).p

Here 77 = 07 /2 with o7 being the Pauli matrices, and

0 0 —/i O
1 1
tt=—"1 1 o tP=—1 i 0 —i|. =
2\ o vV2\ o i o

The matrix U rotates X into the Cartesian basis, and is given by

2
1
0
1

o = O

Lo, L
V2 V2
U= b 0 _
V2 V2
0 1 0
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Scalar potential = Carleton

]

{_

V(. X) = ‘“2Tr(¢-Td>) fT(XTX) [Tr(dTd)]? + A\ Tr(dTd) Tr(XTX)

+ A Tr(XTXXTX) 4+ A [Tr(XTX)]2 = As Tr(dTr2dr2) Tr( X T2 X1?)
— My Tr(DTr2dr2)(UXUT),0 — M Tr(X T2 XtP)(UXUT).p

Constraint Sets parameter
v = 246 GeV Ve
dV /v, =0 Vy
oV /Ovgy =0 142
mp = 125 GeV

Free parameters: \>, A3, A4, A5, My, M> and mass scale /3.
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Particle mixing = Carleton

. V¢
Goldstone boson, triplet and fiveplet states (cy = cosfy = f)
+ ¢+
+ ot X" +&7)
GT =cyodT + sy NG Hit =+t
GG = CH@O’E + SH\-O‘{ HT — (\—i_ — E,—i_)
;=
(*+€%) v2
V2 HO = (/260 — [\ 0r
HO — _SHQOJ 1 CH”\'OJ 3° 3

The two custodial SU(2) singlets:

HO _ C-}U,r HO! _ \/7(0 \/7 0, r

These states mix by an angle « to form the singlets h and H:

h = cosa HY — sina HY’ H = sina HY + cos o HY'
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Theoretical constraints = Carleton
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